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Abstract  
The X-29A advanced technology demonstrator has 
shown the  p r a c t i c a l i t y  and advantages o f  the  
c a p a b i l i t y  t o  compute and display,  i n  rea l  time, 
aeroperformance f l i g h t  resu l ts .  This c a p a b i l i t y  
includes the  ca l cu la t i on  o f  the  i n - f l i g h t  measured 
drag polar,  l i f t  curve, and a i r c r a f t  s p e c i f i c  ex- 
cess power. From these elements, many o ther  types 
o f  aeroperformance measurements can be computed 
and analyzed. The technique can be used t o  g ive  
an inanediate postmaneuver assessment o f  data qual- 
i t y  and maneuver technique, thus increasing the  
p r o d u c t i v i t y  o f  a f l i g h t  program. A key element 
o f  t h i s  new method was the  concurrent development 
o f  a real- t ime i n - f l i g h t  net  t h r u s t  algori thm, 
based on the  s i m p l i f i e d  gross t h r u s t  method. 
ne t  t h r u s t  a lgor i thm al lows f o r  the d i r e c t  calcu- 
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I n t r o d u c t i o n  
A i r c r a f t  performance f l  i y h t  t e s t  data has t r a -  
d i t i o n a l l y  been c a l c u l a t e d  and analyzed a f t e r  t h e  
t e s t  f l i g h t  has ended. This p o s t f l i g h t  a n a l y s i s  
o f t e n  has revealed e r r o r s  and o t h e r  inadequacies 
i n  the  data t h a t  were se r ious  enough t o  r e q u i r e  
t h a t  t h e  f l i g h t  t e s t  be repeated. The c a p a b i l i t y  
t o  c a l c u l a t e  and d i s p l a y  performance data f o r  
ground mon i to r i ng  w h i l e  a f l i g h t  was s t i l l  i n  
progress would s i g n i f i c a n t l y  improve f l i g h t  pro- 
d u c t i v i t y  by a l l o w i n g  r a p i d  and accurate rea l - t ime  
e v a l u a t i o n  o f  f l i g h t  t e s t  maneuver techniques and 
da ta  q u a l i t y .  
judged t o  be unacceptable, t h e  maneuver cou ld  be 
repeated immediately w h i l e  f l i g h t  t e s t  c o n d i t i o n s  
were su i tab le .  
Because o f  t h e  l i m i t e d  t e s t  t ime  a v a i l a b l e  
d u r i n g  t h e  X-29A f l i g h t  t e s t  program t o  d e f i n e  t h e  
I f  t h e  data from a maneuver were 
performance p o t e n t i a l  o f  t h e  forward-swept wing 
and i t s  r e l a t e d  technologies,  t h e  need f o r  a r e a l -  
t i m e  performance data a n a l y s i s  c a p a b i l i t y  was 
e s p e c i a l l y  c r i t i c a l .  Th is  rea l - t ime  capab i l -  
i t y ,  coupled w i t h  dynamic f l i g h t  maneuver tech -  
niques, would a l s o  p rov ide  a way t o  assess 
maneuver dynamic e f f e c t s  and i n s t r u m e n t a t i o n  
system mal funct ions.  Safety  o f  f l i g h t  mon i to r -  
i n g  c a p a b i l i t y  would a l s o  be improved. 
e f f o r t s  have proven t h e  b e n e f i t s  o f  r e a l - t i m e  
a n a l y s i s  techniques .1 
Th is  paper descr ibes a r e a l - t i m e  aeroperform- 
ance a n a l y s i s  c a p a b i l i t y  developed a t  t h e  NASA 
Ames-Dryden F l i g h t  Research F a c i l i t y  t o  c a l c u l a t e  
and d i s p l a y  i n  g raph ica l  form aerodynamic da ta  
such as drag p o l a r s  and l i f t  curves a long w i t h  en- 
g ine  performance parameters. I n t e g r a l  t o  t h i s  
c a p a b i l i t y  was t h e  development o f  a rea l - t ime  i n -  
f l i g h t  net  t h r u s t  a l g o r i t h m  based on t h e  s i m p l i -  
f i e d  gross t h r u s t  method (SGTM) o f  t h e  Computing 
Devices Company (ComDev) o f  Ottawa, Canada.2 Th is  
new technique was developed, under a j o i n t  agree- 
ment between t h e  Uni ted States and Canada, us ing  
data obta ined d u r i n g  t h e  t h r u s t  c a l i b r a t i o n  t e s t  
o f  t he  X-29A's performance engine a t  t h e  NASA 
Lewis Research Center 's  P ropu ls ion  System Labora- 
t o r y  (PSL).3 Typ ica l  f l i g h t  r e s u l t s  are presented 
a long w i t h  an assessment o f  t h e  i n - f l i g h t  uncer- 




A i r c r a f t  D e s c r i p t i o n  
The X-29A (Fig. 1) i s  a s ing le -sea t  f i g h t e r -  
t y p e  a i r c r a f t  i n c o r p o r a t i n g  severa l  new technology 
concepts t h a t  i n t e g r a l l y  work t o g e t h e r  f o r  a i r -  
c r a f t  performance Improvements. 
f e a t u r e  i s  t h e  forward-swept wing w i t h  a 29.3' 
l ead ing  edge sweep and a 5 percent  t h i n  super- 
c r i t i c a l  a i r f o i l  sec t i on ,  The upper and lower  
su r face  wing s k i n s  a r e  made of a graphite-epoxy 
composite m a t e r i a l  and a re  a e r o e l a s t i c a l l y  t a i -  
l o r e d  t o  i n h i b i t  wing s t r u c t u r a l  divergence. The 
wing has no l e a d i n g  edge devices, b u t  i nco rpo ra tes  
f u l l - s p a n  t r a i l i n g  edge, dual-hinged f l ape rons  
t h a t  a r e  d i v i d e d  i n t o  t h r e e  segments on each wing. 
Wing camber i s  a u t o m a t i c a l l y  c o n t r o l l e d  by t h e  
f l i g h t  c o n t r o l  system. 
three-sur face p i t c h  c o n t r o l  c o n f i g u r a t i o n .  I n  
a d d i t i o n  t o  t h e  wing f laperons,  t h i s  c o n f i g u r a t i o n  
i nc luded  t h e  canards and t h e  aft-mounted s t r a k e  
f l aps .  Symmetric d e f l e c t i o n  o f  these f u l l y  a c t i v e  
sur faces i s  c o n t r o l l e d  by t h e  f l i g h t  c o n t r o l  sys- 
tem t o  p r o v i d e  t r i m  and p i t c h  s t a b i l i t y  and con- 
t r o l .  The canards a re  20 percent  o f  t h e  wing area 
and a c t  as a powerfu l  l i f t  and p i t c h  generator. 
The s t r a k e  f l a p s  a s s i s t  t h e  canards i n  t r imming 
t h e  f l ape rons  t o  c o n t r o l  aerodynamic l oad ing  o f  
t h e  canard. 
erons p rov ides  t h e  s o l e  source o f  r o l l  c o n t r o l .  
Yaw c o n t r o l  i s  p rov ided  by a s ing le -p iece  rudder 
mounted on a f i x e d  v e r t i c a l  s t a b i l i z e r .  
The a i r c r a f t ' s  35 percent  negat ive s t a t i c  
margin requ i res  a h i g h  l e v e l  o f  s t a b i l i t y  augmen- 
t a t i o n  which i s  p rov ided  by a t r i - p l y  redundant 
d i g i t a l  f l y - b y - w i r e  f l i g h t  c o n t r o l  system w i t h  an 
analog backup. The f l i g h t  c o n t r o l  system c o n t r o l s  
wing camber by t h e  automat ic  camber c o n t r o l  mode, 
The most no tab le  
Another f e a t u r e  o f  t h e  a i r c r a f t  i s  i t s  a c t i v e  
D i f f e r e n t i a l  d e f l e c t i o n  o f  t h e  f l a p -  
2 
Y 
which se ts  t h e  optimum schedule as a f u n c t i o n  o f  
Mach number and angle o f  a t tack ,  o r  by t h e  manual 
camber c o n t r o l  mode, which i s  se t  i n  d i s c r e t e  5' 
i n t e r v a l s  se lec ted  by t h e  p i l o t .  I n  t h e  automat ic  
camber c o n t r o l  mode, t h e  f l ape rons  vary t h e  camber 
o f  t h e  wing t o  increase aerodynamic e f f i c i e n c y  
over  t h e  f l i g h t  envelope. 
c o n t r o l  mode a l s o  p o s i t i o n s  t h e  canards and s t r a k e  
f l a p s  along with t h e  wing f l a p s  t o  t r i m  p i t c h i n g  
moments and t o  g i v e  t h e  best  aerodynamic perform- 
ance i n  s teady-state f l i g h t .  The manual camber 
c o n t r o l  mode was designed o n l y  as a f l i g h t  t e s t  
mode. A more d e t a i l e d  d e s c r i p t i o n  o f  t h i s  system 
can be found i n  Gera.4 
The automat ic  camber 
The a i r c r a f t  i s  powered by a s i n g l e  16,000-lb 
c l a s s  General E l e c t r i c  (Lynn, Massachusetts) 
F404-(;E-400 a f t e r b u r n i  ng engine. 
mounted i n  t h e  fuselage w i t h  two side-mounted, 
f i x e d  geometry i n l e t s  t h a t  were opt imized f o r  
t r a n s o n i c  performance. Maximum a i r c r a f t  t a k e o f f  
gross weight i s  17,800 l b  w i t h  a 4,000-lb f u e l  
c a p a c i t y  i n  two fuselage and two s t r a k e  tanks. 
The engine i s 
Data A c q u i s i t i o n  System 
The X-29A on-board data a c q u i s i t i o n  system 
uses both pu lse  code modulat ion (PCM) and f r e -  . 
quency modulat ion (FM) f o r  data encoding. A 
schematic o f  t h e  i ns t rumen ta t i on  system can be 
seen i n  Fig. 2. Because o f  space c o n s t r a i n t s ,  
no data was recorded on t h e  a i r c r a f t .  The 10 -b i t  
PCM system sampled data from 25 t o  400 samples pe r  
set ,  depending on t h e  des i red  frequency range t o  
be covered. The d i g i t a l  data were processed by 
f i v e  PCM u n i t s ,  and an i n t e r l e a v e r  dev ice merged 
t h e  data stream along w i t h  t h e  output  f rom t h e  
f l i g h t  c o n t r o l  computer's bus. The data were 
te lemetered as an u n c a l i b r a t e d  s e r i a l  PCM stream. 
The constant-bandwidth FM system was i n s t a l l e d  t o  
process high-response a c c e l e r a t i o n  and v i b r a t i o n  
data. This FM s igna l  was merged w i t h  t h e  r e s t  o f  
t h e  d i g i t a l  data f rom t h e  i n t e r l e a v e r  and teleme- 
t e r e d  t o  t h e  ground a long w i t h  t h e  p i l o t ' s  vo ice 
s i g n a l s .  A t o t a l  o f  691 measured data parameters 
was te lemetered t o  t h e  ground f o r  record ing,  
r e a l - t i m e  ana lys i s ,  and c o n t r o l  room moni tor ing.  
The da ta  parameter s e t  i nc luded  measurements f o r  
s t r u c t u r a l  loads, s t r u c t u r a l  dynamics, f l i g h t  con- 
t r o l s ,  s t a b i l i t y  and c o n t r o l ,  a i r c r a f t  subsystems, 
p r o p u l s i o n  and performance, wing d e f l e c t i o n s ,  bu f -  
f e t ,  and e x t e r n a l  pressure d i s t r i b u t i o n s .  
A i r c r a f t  i ns t rumen ta t i on  i nc luded  a p i t o t -  
s t a t i c  noseboom w i t h  angle o f  a t tack ,  a, and 
s i d e s l i p  angle, B,  vanes. The ins t rumen ta t i on  
package used f o r  t h e  f l i g h t  performance measure- 
ments i nc luded  two body-mounted l i n e a r  accelerom- 
e t e r  packages, and a r a t e  gyro package f o r  a i r -  
c r a f t  p i t c h ,  r o l l ,  and yaw a t t i t u d e s ,  ra tes ,  and 
angu la r  accelerat ions.  One l i n e a r  accelerometer 
set ,  termed t h e  dynamic performance cen te r -o f -  
g r a v i t y  (c.g.) package, had l i m i t e d  measurement 
ranges speci f i c a l  l y  t a i  1 ored t o  t h e  pushover- 
p u l l u p  maneuver descr ibed l a t e r  i n  t h i s  paper. 
I t s  l o n g i t u d i n a l  and l a t e r a l  accelerometer ranges 
were k0.6 g and t h e  normal accelerometer range was 
-1 t o  t3 g. The o the r  accelerometer set, termed 
t h e  cen te r -o f -g rav i t y  accelerometer package, had 
l a r g e r  accelerometer ranges va ry ing  from 21 g f o r  
t h e  l o n g i t u d i n a l  and l a t e r a l  accelerometers and 
-3 t o  +8 g f o r  t h e  normal accelerometer. Th i s  
covered t h e  h i g h e r  a range data. 
were d i sp laced  f rom t h e  a c t u a l  a i r c r a f t  cen te r  
o f  g r a v i t y .  
complete i n s t r u m e n t a t i o n  system f o r  m o n i t o r i n g  
engine o p e r a t i n g  c h a r a c t e r i s t i c s ,  engine t r i m  
l e v e l s ,  and f o r  c a l c u l a t i n g  i n - f l i g h t  t h r u s t .  
Measurement l o c a t i o n s  a r e  shown i n  Fig. 3 and 
inc luded  i n l e t  t o t a l  temperature, T T ~ ,  f a n  and 
compressor r o t o r  speeds, N1 and N2, combustor s ta -  
t i c  pressure, Ps3, t u r b i n e  exhaust temperature, 
T T ~ ,  nozz le t h r o a t  area, AB, and a 20-probe rake 
measurement o f  t u r b i n e  exhaust pressure, P T ~ ~ ~ .  
Volumetr ic  f l o w  meters were used t o  measure main 
engine f u e l  f low, W F ~ ,  and a f t e r b u r n e r  p i l o t  and 
main f u e l  f lows,  WFAB. 
Both packages 
The General E l e c t r i c  F404-GE-400 engine has a 
I n  o rde r  t o  implement t h e  r e a l - t i m e  i n - f l i g h t  
t h r u s t  method discussed i n  t h i s  paper, f o u r  f l u s h -  
mounted s t a t i c  pressure taps  were l oca ted  a t  bo th  
t h e  a f t e r b u r n e r  entrance, Ps6, and exhaust nozz le 
entrance, Ps7. Th i s  technique a l s o  made use o f  
t h e  engine PT558 rake, T T ~ ,  f r e e  stream s t a t i c  a i r  
pressure, Pso, and t r u e  airspeed, V t .  
Real-Time Data Processing and D isp lay  
The X-29A rea l - t ime  performance data system i s  
designed t o  reco rd  d a t a  from t h e  a i r c r a f t  data 
a q u i s i t i o n  system, then  process and d i s p l a y  t h e  
i n f o r m a t i o n  i n  t h e  m iss ion  c o n t r o l  room. An 
i l l u s t r a t i o n  o f  t h i s  system i s  shown i n  Fig. 4. 
Data f rom t h e  a i r c r a f t  i s  t r a n s m i t t e d  i n  a s e r i a l  
PCM stream and rece ived  by t h e  te lemet ry  t r a c k i n g  
f a c i l i t y  on t h e  ground. The data stream i s  then  
passed a long land  l i n e s  t o  a m iss ion  c o n t r o l  cen- 
t e r  f o r  data storage, processing, and d i sp lay .  
These f a c i l i t i e s  make up p a r t  o f  t h e  NASA Dryden 
Western Aeronaut ica l  Test  Range.5 
For  s e c u r i t y  reasons, X-29A f l i g h t  data i s  
te lemetered i n  an encrypted format. The s e r i a l  
data i s  decrypted, synchronized, and demul t ip lexed 
i n  t h e  m iss ion  c o n t r o l  center. An analog tape 
reco rde r  i s  used t o  s t o r e  t h i s  raw a i r c r a f t  da ta  
f o r  p o s t f l i g h t  processing. The raw da ta  i s  a l s o  
passed t o  a Gould 32/67 computer system (Gould 
Inc., F o r t  Lauderdale, F l o r i d a )  w i t h  dual  proc- 
ess ing  c a p a b i l i t y  f o r  r e a l - t i m e  computing and 
a p p l i c a t i o n  o f  engi  nee r ing -un i t  c a l  i bra t ions .  
Processed da ta  from t h e  r e a l - t i m e  computer i s  
format ted f o r  d i s p l a y  on va r ious  dev ices i n  t h e  
m iss ion  c o n t r o l  room. D isp lay  dev ices i n c l u d e  
CRT, analog s t r i p c h a r t s  and gages, and a r e a l -  
t i m e  i n t e r a c t i v e  graphics ( R I G )  system. 
t h e  d i s p l a y  o f  r e a l - t i m e  c o l o r  graphics d u r i n g  
f l i g h t  t e s t .  
formance system used t h e  R I G  c a p a b i l i t y  t o  d i s p l a y  
va r ious  performance p l o t s  such as t h e  drag (CD vs 
CL), t h e  l i f t  cu rve  (CL vs a), and s p e c i f i c  excess 
power (Ps vs Mach number). 
The R I G  system a l l ows  an opera to r  t o  c o n t r o l  
For t h e  X-29A, t h e  r e a l - t i m e  per- 
An example R I G  d i s -  
3 
p l a y  format i s  shown i n  Fig. 5. The d i g i t a l  data 
i nc luded  a i rcraf t -measured acce le ra t i ons ,  ca lcu-  
l a t e d  body a x i s  acce le ra t i ons  c o r r e c t e d  t o  t h e  
c.g., t r a n s l a t e d  wind a x i s  acce le ra t i ons ,  and 
a i r c r a f t  f l i g h t  cond i t i ons ,  a t t i t u d e s ,  and rates. 
Disp lays were a l s o  developed t o  mon i to r  engine 
parameters and performance, i n c l u d i n g  t i m e  h i s -  
t o r i e s  o f  gross and ne t  t h r u s t ,  and t h e  pressure 
rake averages. The ComDev t h r u s t  d i s p l a y s  i n -  
c luded d i g i t a l  parameters such as bas i c  engine 
parameters c r i t i c a l  t o  f l i g h t  sa fe ty ,  a long w i t h  
engine performance parameters. Logic  was a l s o  de- 
veloped t o  moni tor  c o n t i n u a l l y  t h e  s t a t u s  o f  t h e  
ComDev t h r u s t  c a l c u l a t i o n  methods and t o  d i s p l a y  a 
coded message when an e r r o r  occurred, d e s c r i b i n g  
t h e  na tu re  o f  t h e  e r r o r .  
The R I G  system s to res  a number o f  p rede f ined  
d i s p l a y  formats t h a t  can be se lec ted  by t h e  oper- 
a t o r  as required. Graphic parameters a r e  updated 
a t  up t o  10 samples per  sec and t h e  column o f  d i -  
g i t a l  data d i sp layed  next  t o  t h e  graphics i s  up- 
dated a t  one sample pe r  sec. The ac tua l  c a l c u l a -  
t i o n  r a t e  o f  t h e  performance parameters i s  up t o  
12.5 samples pe r  sec. The R I G  ope ra to r  no t  on l y  
c o n t r o l s  which graphic  page ( fo rma t )  t o  d i sp lay ,  
bu t  a l s o  can s t a r t ,  stop, c lea r ,  and p r i n t  t h e  
d i s p l a y  a t  any t ime. Future p lans i n c l u d e  up- 
g rad ing  t h e  R I G  system w i t h  a new system capable 
o f  c r e a t i n g  and changing g raph ic  formats, co lo rs ,  
and parameters i n  r e a l  t ime. 
Development o f  a Real-Time Net Thrust  A lgo r i t hm 
Over t h e  past  15 years, ComDev has developed 
and patented a unique c a p a b i l i t y  t o  compute accu- 
r a t e l y  engine gross t h r u s t  i n  r e a l  t ime  over  t h e  
e n t i r e  a i r c r a f t  ope ra t i ng  f l i g h t  envelope. This  
s i m p l i f i e d  gross t h r u s t  method (SGTM) has been 
evaluated success fu l l y  f o r  a v a r i e t y  o f  v a r i a b l e  
exhaust t u r b o j e t  and t u r b o f a n  f i g h t e r  engines. 
NASA has evaluated t h e  SGTM on t h e  F1002 and 
585 engines6 and f l own  i t  i n  an F-15 a i r ~ r a f t . ~  
methods, such as t h e  manufacturer 's  i n - f l i g h t  
t h r u s t  program, i n  t h a t  i t  requ i res  much l e s s  
i ns t rumen ta t i on  and computational power w h i l e  
remain ing r e l i a b l e  and accurate. It requ i res  
o n l y  f ree-st ream s t a t i c  a i r  pressure, Pso, and 
s imple gas pressure measurements a t  t h r e e  loca-  
t i o n s  i n  t h e  engine a f t e r b u r n e r  duct (F ig .  4). 
Because a l l  engine pressures a re  measured down- 
stream o f  t h e  r o t a t i n g  machinery, gross t h r u s t  
accuracy i s  no t  a f f e c t e d  by engine degradat ion 
o r  i n t a k e  d i s t o r t i o n .  
The SGTM has advantages over  t h e  t r a d i t i o n a l  
The SGTM computes gross t h r u s t  based on a one- 
dimensional a n a l y s i s  o f  t h e  f l o w  i n  t h e  engine 
a f t e r b u r n e r  and exhaust nozzle. F igu re  6 shows a 
b lock  diagram o f  t h e  a lgor i thm.  The a l g o r i t h m  
analyzes t h e  f l o w  i n  t h e  a f t e r b u r n e r  duct  from t h e  
t u r b i n e  e x i t  ( s t a t i o n  558) t o  t h e  exhaust nozz le 
e x i t  ( s t a t i o n  9) and determines f i r s t  t h e  t o t a l  
pressure a t  t h e  a f t e r b u r n e r  entrance, PT6, and 
then  a t  t h e  exhaust nozz le entrance, P T ~ .  The 
exhaust nozzle t h r o a t  area, A8, i S  a l s o  computed. 
Gross t h r u s t  i s  then computed from t h e  c a l c u l a t e d  
value o f  P T ~  and A8 and measured nozz le s t a t i c  
pressure. 
e x i t  area, Ag, by app ly ing  computed A8 and t h e  
mechanical Ag/A8 schedule. 
The SGTM a l s o  computes exhaust nozz le 
C a l i b r a t i o n  c o e f f i c i e n t s  f o r  t h e  F404 engine 
were determined us ing  data obta ined d u r i n g  t e s t i n g  
a t  t h e  Lewis PSL f a c i l i t y .  Pressure and t h r u s t  
data were c o l l e c t e d  from 131 data p o i n t s  a t  11 
combinations o f  Mach number and a l t i t u d e  over  t h e  
range o f  engine power s e t t i n g s  from near f l i g h t  
i d l e  t o  maximum a f te rbu rn ing .  The c o e f f i c i e n t s  
were a p p l i e d  t o  t h e  equat ions t o  c o r r e c t  f o r  t h e  
e f f e c t s  o f  i n t e r n a l  f r i c t i o n ,  mass t r a n s f e r  ( l e a k -  
ages), three-dimensional e f f e c t s ,  and t h e  e f f e c t  
o f  t h e  s i m p l i f y i n g  assumptions used i n  t h e  theory. 
C a l i b r a t i o n  c o e f f i c i e n t s  obta ined through c a l i b r a -  
t i o n  o f  t h e  i n d i v i d u a l  engine p r o v i d e  good accu- 
racy f o r  a l l  engines o f  t h e  same model. 
Computing Devices Company has developed an 
accurate and f a s t  ne t  t h r u s t  a l g o r i t h m  f o r  t h e  
F404 engine. 
ne t  t h r u s t  method (SNTM) i s  shown i n  Fig. 7. The 
SNTM uses t h e  same Ps6 and Ps7 pressure measure- 
ments as t h e  SGTM and a l s o  uses t h e  p roduc t i on  T T ~  
measurement and c a l c u l a t e d  t r u e  v e l o c i t y ,  V t .  No 
a d d i t i o n a l  i ns t rumen ta t i on  i s  r e q u i r e d  t o  compute 
n e t  t h r u s t  us ing  t h e  SNTM. 
FG, minus i n l e t  a i r f l o w  momentum o r  ram drag, FR. 
A b lock  diagram o f  t h e  s i m p l i f i e d  
Net t h r u s t ,  FN, i s  d e f i n e d  as gross t h r u s t ,  
FN = FG - FR 
Ram drag i s  d e f i n e d  as t h e  product  o f  V t  and 
mass f l o w  r a t e ,  W1. 
The ComDev SGTM c a l c u l a t e s  FG, P T ~ ,  and Ag. 
The SNTM c a l c u l a t e s  W1 and ob ta ins  V t  f rom t h e  
a i r c r a f t  a i r  data system t o  determine ram drag 
and thus ne t  t h r u s t .  
I n l e t  mass f l ow  i s  determined by c a l c u l a t -  
i n g  mass f l o w  r a t e  a t  t h e  a f t e r b u r n e r  ent rance 
( s t a t i o n  6), us ing  f l o w  parameters determined i n  
t h e  SGTM gross t h r u s t  a l g o r i t h m  and t h e  t u r b i n e  
d ischarge t o t a l  temperature measured by e x i s t i n g  
engine i ns t rumen ta t i on .  Th is  mass f l o w  ra te ,  w6, 
i s  used t o  compute t h e  i n l e t  mass f l o w  r a t e  a f t e r  
account ing f o r  compressor b leed  a i r  e x t r a c t i o n ,  
wB3, and f u e l  mass a d d i t i o n ,  WF, u s i n g  an e m p i r i -  
c a l  model c a l i b r a t e d  w i t h  t e s t  da ta  f rom t h e  
Lewis PSL f a c i l i t y .  The i n l e t  mass f l o w  i s  thus  
computed by 
w1 = w6 - WF + wB3 
The SNTM c a l c u l a t e s  engine s t a t i o n  6 l o c a l  
Mach number, M6, and mass f l o w  rate,  Wg, us ing  
measured T T ~  and Ps6, and c a l c u l a t e d  PT6. To ta l  
temperature a t  s t a t i o n  6, T T ~ ,  i s  assumed t o  equal 
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T T ~ .  A s i m p l i f i e d  main engine f u e l  f low,  WF, i n  
conlparison t o  c a l c u l a t e d  i n l e t  a i r f l o w  r e l a t i o n -  
ship, was d e r i v e d  e m p i r i c a l l y  from Lewis PSL 
f a c i l i t y  data. 
A constant  b leed  a i r  e x t r a c t i o n ,  wB3, was 
assumed based on a i r c r a f t  system c o o l i n g  a i r  
requirements. Over t h e  a i r c r a f t  ope ra t i ng  en- 
velope, t h e  f l ows  WF and wB3 a re  much sma l le r  
t h a n  w6 ( t y p i c a l l y  l e s s  than  2 percent  o f  Wg). 
Therefore, e r r o r s  i n  t h e i r  de te rm ina t ion  have 
o n l y  secondary e f f e c t s  on W 1  accuracy. 
racy o f  t h e  p roduc t i on  engine mounted T T ~  meas- 
u r i n g  system i s  adequate because t h e  s e n s i t i v i t y  
o f  computed ne t  t h r u s t  t o  T'r5 e r r o r s  i s  small .  A 
10°F e r r o r  i n  T T ~ ,  f o r  example, produces an e r r o r  
o f  o n l y  0.03 pe rcen t  i n  ne t  t h r u s t  a t  i n te rmed ia te  
r a t e d  power (IRP) a t  Mach 0.9, 30,000 ft. 
The SNTM was c a l i b r a t e d  aga ins t  Lewis PSL data 
ove r  t h e  X-29A Mach, a l t i t u d e ,  and power s e t t i n g  
envelope. C a l i b r a t i o n  c o e f f i c i e n t s  were app l i ed  
t o  c o r r e c t  f o r  t h e  e f f e c t s  o f  t h e  s i m p l i f y i n g  
assumptions i n  t h e  n e t  t h r u s t  c a l c u l a t i o n .  
Because t h e  mass f l o w  i s  c a l c u l a t e d  i n  t h e  
engine a f t e r b u r n e r  sec t i on ,  where t h e  gas f l o w  
i s  w e l l  mixed, i n l e t  f l o w  d i s t o r t i o n  e f f e c t s  
a r e  minimized. 
The accu- 
Data Analys is  Method 
Using t h e  accelerometer data i npu ts ,  t h e  drag 
p o l a r  a n a l y s i s  technique inc luded  body-axis accel -  
erometer angular  r a t e  and a c c e l e r a t i o n  c o r r e c t i o n s  
t o  t h e  a i r c r a f t  c.g. Accelerometer da ta  were 
t ransformed t o  t h e  a i r c r a f t  wind a x i s  o r  f l i g h t  
p a t h  system by angular  t rans fo rma t ions  through 
a and 8. Thrust  i n s t a l l a t i o n  c o r r e c t i o n s  i n -  
c luded est imated nozz le drag, DNOZ, and s p i l l a g e  
drag, DSPIL- 
A i r c r a f t  c o e f f i c i e n t s  o f  l i f t  (CL) and drag 
(CD) were computed from t h e  accelerometer method8 
u s i n g  t h e  equat ions 
cD=-= D FNP - Fex 
qbar S qbar S 
L 
q a r  S 
nZ W t  - FG s i n  a 
qbar S CL = r-= 
where 
Fex nx W t  
FNP = FN - (DSPIL + DNOZ) 
A i r c r a f t  Ps was computed from t h e  accelerometer 
da ta  as fo l l ows :  
The i n p u t  data t o  t h e  r e a l - t i m e  performance 
program were n o t  f i l t e r e d  (except f o r  an on-board, 
a n t i - a l i a s i n g  f i  1 t e r  f o r  a c c e l e r a t i o n  parameters), 
no r  were t r i m  drag c o r r e c t i o n s  a p p l i e d  t o  t h e  drag 
r e s u l t s .  The r e a l - t i m e  d i s p l a y  values were n e i -  
t h e r  smoothed no r  th inned  (below t h e  10 samples 
pe r  se t  update r a t e  o f  t h e  R I G  system), and w i l d  
p o i n t s  were n e i t h e r  e d i t e d  no r  removed. 
a l lowed t h e  f a s t e s t  c a l c u l a t i o n  r a t e  p o s s i b l e  i n  
r e a l  t ime  and t h e  a b i l i t y  t o  eva lua te  data q u a l i t y  
w i thou t  t h e  e x t r a  da ta  massaging. The t ime  l a g  
between t h e  ac tua l  f l i g h t  event and t h e  d i s p l a y  
o f  c a l c u l a t e d  performance data on t h e  R I G  i s  e s t i -  
mated t o  be under 0.25 sec. The abovementioned 
data reduc t i on  techniques a re  a p a r t  o f  t h e  post -  
f l i g h t  processing. 
Real-t ime so f tware  was developed t o  implement 
t h e  a i r c r a f t  and engine performance a n a l y s i s  tech-  
niques. F i g u r e  8 sumnarizes t h e  performance c a l -  
c u l a t i o n s  i n  a f l o w  diagram. The X-29A a i r - d a t a  
sof tware was used t o  o b t a i n  a and 8 and Mach num- 
ber, M .  I n d i c a t e d  angle o f  a t tack ,  a i ,  was co r -  
rec ted  f o r  upwash e r r o r s ,  misal ignment e r r o r s ,  
p i t c h  r a t e  e f f e c t s ,  boom bending, and fuselage 
bending e f f e c t s .  
nose boom p i t o t  s t a t i c  measurements. 
A pressure averagi  ny r o u t i n e  was developed t o  
process engine pressure rake data. 
pressure o f  each rake i s  c a l c u l a t e d  u s i n g  a l l  t h e  
a v a i l a b l e  probes. A comparison i s  t hen  made 
between each i n d i v i d u a l  probe and t h e  average 
pressure. 
t o le rance  o f  t h e  average a re  assumed bad and e l i -  
minated. A new average rake pressure i s  then 
ca lcu lated.  I f  a l l  t h e  probe values o f  one rake 
a r e  ou ts ide  t h e  s p e c i f i e d  to lerance,  t h e  h ighes t  
and lowest probe values a r e  e l im ina ted ,  t h e  rake 
average i s  c a l c u l a t e d  again, and t h e  t o l e r a n c e  
check i s  repeated. Th is  technique y i e l d s  h igh-  
q u a l i t y  pressure data, even i n  t h e  event o f  dam- 
aged pressure 1 i nes , f a u l t y  t ransducers,  o r  da ta  
t ransmiss ion  problems. This  r o u t i n e  a l s o  expe- 
d i t e d  t h e  implementation, checkout and t r o u b l e -  
shoo t ing  o f  t h e  engine pressure rake instrumen- 
t a t i o n  system. 
This  
Mach number was computed from 
The average 
Those probes ou ts ide  o f  a s p e c i f i e d  
Maneuver Techniques 
Dynamic f l i g h t  t e s t  techniques were used t o  
d e f i n e  q u i c k l y  and a c c u r a t e l y  t h e  a i r c r a f t  drag 
p o l a r  and l i f t  curve c h a r a c t e r i s t i c s  a t  a g iven 
Mach number over a wide range o f  a. These maneu- 
ve r  techniques r e l y  on accelerometer methods us ing  
body-mounted accelerometer packages t o  measure 
a i r c r a f t  a c c e l e r a t i o n s  a long and normal t o  t h e  
f 1 i ght  p a t h  . 
t h e  windup t u r n ,  were used on t h e  X-29A t o  d e f i n e  
complete drag p o l a r  curves. 
preceded by 30-sec s t a b i l i z e d  t r i m  po in ts .  
pushover-pul lup was used t o  o b t a i n  t h e  mid- t o  low- 
range o f  a. The maneuver t e s t  technique cons is ted  
o f  a pushover from t h e  1-g normal l oad  f a c t o r ,  nz, 
a t  t h e  s t a b i l i z e d  f l i g h t  c o n d i t f o n  t o  zero g ' s  a t  a 
nominal g-onset r a t e  o f  -0.2 g ' s  p e r  sec. A t  t h e  
zero-g p o i n t ,  t h e  a i r c r a f t  was p u l l e d  up a t  a 0.2 
g ' s  pe r  sec onset r a t e  t o  2 g ' s  and then  re tu rned  
t o  t h e  1-g l e v e l  f l i g h t  cond i t i on .  A l t i t u d e  and 
Mach number excurs ions were kept  t o  a minimum w h i l e  
power l e v e r  angle (PLA) was h e l d  constant. The 
wind-up t u r n  maneuver was used t o  o b t a i n  data from 
t h e  mid- t o  high-range o f  a. Using t h e  same g- 
onset r a t e  as f o r  t h e  pushover-pul lup maneuver, 
Two dynamic maneuvers, t h e  pushover-pul lup and 
Both maneuvers were 
The 
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t h e  windup t u r n  was f lown a t  a f i x e d  power se t -  
t i n g  w i t h  t h e  a i r c r a f t  descending, t r a d i n g  a l t i -  
tude f o r  a i rspeed i n  order  t o  h o l d  a constant  Mach 
number as t h e  normal l oad  f a c t o r  and a were i n -  
creased t o  t h e  aim cond i t i ons .  For a g iven Mach 
number, t h e  maneuvers produced f l i g h t  data t h a t  
overlapped i n  c o e f f i c i e n t  o f  l i f t  between 1 and 
2 g's, g i v i n g  a f u l l  p o l a r  shape over a and assur- 
i n g  good data c o r r e l a t i o n  between t h e  maneuvers. 
F igu re  9 g ives a schematic drag p o l a r  represen- 
t a t i o n  o f  t h e  maneuvers' sweep o f  t h e  a v a r i a t i o n  
o f  a p o l a r  a t  a constant  Mach number. 
d iscuss ions o f  t h e  X-29A f l i g h t  t e s t  techniques 
can be found i n  Hicks and others.9 
Fu r the r  
Resu l t s  and Discuss ion 
Net Thrust  Uncer ta i  n t x  
accuracy o f  t h e  r e a l  - t ime performance values 
as a f f e c t e d  by t h e  ne t  t h r u s t  c a l c u l a t i o n .  The 
n e t  t h r u s t  values c a l c u l a t e d  by t h e  SNTM method 
were compared t o  measured values obta ined i n  t h e  
Lewis PSL f a c i l i t y .  The percent  e r r o r  i n  SNTM, 
expressed as a percentage o f  measured ne t  t h r u s t ,  
i s  p l o t t e d  aga ins t  PLA i n  F ig .  10. The b ias  e r -  
r o r ,  over t h e  131 t e s t  p o i n t s  a t  11 s imulated 
f l i g h t  cond i t i ons ,  was ze ro  percent  and t h e  
95 percent  s t a t i s t i c a l  conf idence l i m i t  ( two 
s tandard dev ia t i ons ,  213) was t2.74 percent. 
spread inc ludes  c o n t r i b u t i o n s  from a l l  t h e  i n p u t  
measurement e r r o r s  and t h e  SNTM ne t  t h r u s t  model 
e r r o r  determined from Lewis PSL data. 
An a n a l y s i s  was conducted t o  determine t h e  
This  
A s e n s i t i v i t y  a n a l y s i s  was conducted t o  de te r -  
mine t h e  expected i n - f l i g h t  u n c e r t a i n t y  o f  t h e  
SNTM. Net t h r u s t  u n c e r t a i n t y  was c a l c u l a t e d  by 
combining t h e  model e r r o r  and t h e  i n d i v i d u a l  
e r r o r s  due t o  t h e  e r r o r  i n  each i n p u t  measurement 
(see Fig. 6 )  by t h e  method of root-sum-squares. 
Table 1 shows t h e  i n - f l i g h t  t o t a l  u n c e r t a i n t i e s  o f  
SNTM ne t  t h r u s t  f o r  s i x  Mach number and a l t i t u d e  
c o n d i t i o n s  a t  t h r e e  power s e t t i n g s .  The uncer- 
t a i n t y  a t  IRP (PLA = 87') ranges f rom k2.41 per-  
cen t  a t  Mach 0.8, 10,000 f t  t o  k4.39 percent  a t  
Mach 0.8, 40,000 ft. A t  Mach 0.9, 30,000 f t  
design p o i n t ,  t h e  t o t a l  u n c e r t a i n t y  o f  t h e  SNTM 
a t  I R P  i s  t3.15 percent, and, a t  maximum a f t e r -  
burn ing,  i t  i s  22.75 percent. 
t h r u s t  values have been c a l c u l a t e d  i n  r e a l  t ime  on 
t h e  X-29A a i r c r a f t .  The s e n s i t i v i t y  o f  c a l c u l a t e d  
l i f t  and drag due t o  independent parameters such 
as t h r u s t  and a was evaluated f o r  t h e  X-29A i n  
Powers.10 Based on these r e s u l t s  , t h e  u n c e r t a i n t y  
i n  t h e  rea l - t ime  CD value due t o  t h e  u n c e r t a i n t y  
i n  ne t  t h r u s t  i s  est imated t o  be about t3.0 per- 
cent .  The e f f e c t s  o f  a u n c e r t a i n t y  on CL and CD 
can a l s o  be subs tan t i a l .  
F l i g h t  Resul ts  
These r e s u l t s  v e r i f y  t h a t  h i g h l y  accurate n e t  
The use o f  r e a l - t i m e  performance c a l c u l a -  
t i o n s  a l lowed an immediate assessment o f  data 
q u a l i t y  and maneuver technique. F igu re  11 shows 
t y p i c a l  drag p o l a r s  obta ined d u r i n g  va r ious  per-  
formance maneuvers. 
ve r  (Fig. I l a )  sweeps ou t  t h e  lower  a p o r t i o n  o f  
t h e  drag p o l a r  w h i l e  t h e  windup t u r n  maneuver, 
The pushover-pul l u p  maneu- 
(Fig. l l b )  over laps and completes t h e  h ighe r  a 
s e c t i o n  o f  t h e  curve as discussed i n  t h e  Maneuver 
Techniques s e c t i o n  o f  t h i s  paper. These r e s u l t s  
i l l u s t r a t e  t h e  data q u a l i t y  obta ined i n  r e a l  t i m e  
d u r i n g  X-29A performance t e s t i n g .  A maneuver t h a t  
misses t h e  aim f l i g h t  c o n d i t i o n s  can be te rm ina ted  
and repeated immediately, g r e a t l y  i n c r e a s i n g  p ro -  
d u c t i v i t y  and reducing t h e  p o s t f l i g h t  da ta  proc- 
ess ing  requirements. 
pushover-pul lup maneuver which i s  ev iden t  by t h e  
increased data s c a t t e r  compared t o  Fig. l l a .  Th i s  
data s c a t t e r  resu l ted ,  i n  p a r t ,  due t o  improper 
aerodynamic su r face  p o s i t i o n s  caused by maneuver 
dynamics.11 Th is  s c a t t e r  can occur  when t h e  
f l i g h t  c o n t r o l  i n p u t s  a r e  t o o  abrupt  f o r  t h e  f l a p -  
erons, s t r a k e  f l a p s ,  o r  canard t o  f o l l o w  optimum 
schedules. Other f a c t o r s  t h a t  may a f f e c t  t h e  per-  
formance maneuver q u a l i t y  i n c l u d e  b u f f e t ,  o f f  Mach 
o r  a l t i t u d e  cond i t i ons ,  and p i l o t  technique.12 
i t y  and t h e  f u n c t i o n  o f  t h e  i n s t r u m e n t a t i o n  system 
i n  r e a l  t ime  proved a very e f f e c t i v e  d i a g n o s t i c  
c a p a b i l i t y .  Dur ing t h e  i n i t i a l  checkout o f  t h e  
t h r u s t  i ns t rumen ta t i on  system, t h e  engine pressure 
averaging l o g i c  he lped t o  de tec t  and i s o l a t e  pres-  
sure leaks and t ransducer  f a i l u r e s .  The ComDev 
rea l - t ime  t h r u s t  a lgo r i t hms  a l s o  helped i n  t h e  
f l i g h t  s a f e t y  mon i to r i ng  o f  t h e  X-29A's engine 
performance d u r i n g  t a k e o f f  checks and f l i g h t .  
To eva lua te  t h e  i n - f l i g h t  c a l c u l a t i o n  o f  
t h r u s t  u s i n g  t h e  SNTM, comparisons were made t o  
t h e  t h r u s t  values c a l c u l a t e d  by t h e  engine manu- 
f a c t u r e r ' s  i n - f l i g h t  t h r u s t  program. Th is  pos t -  
f l i g h t  program computes n e t  t h r u s t  by two methods: 
t h e  area-pressure method, FNAP, and t h e  mass f l o w  
i b r a t e d  us ing  Lewis PSL data. 
The t h r e e  n e t  t h r u s t  methods were compared 
d u r i n g  p o s t f l i g h t  p rocess ing  o f  over  150 perform- 
ance maneuvers i n c l u d i n g  windup tu rns ,  pushover- 
pu l l ups ,  l e v e l  a c c e l e r a t i o n s  and dece le ra t i ons ,  
s t a b i l i z e d  l e v e l  f l i g h t ,  and t a k e o f f .  F igu re  12 
shows some t y p i c a l  r e s u l t s .  The t h r e e  n e t  t h r u s t  
methods agreed w i t h i n  t h e i r  expected i n - f l i g h t  un- 
c e r t a i n t i e s .  For example, Fig. 12a shows f l i g h t  
da ta  from a susta ined h igh-g t u r n  a t  maximum power 
a t  Mach 0.9 and 30,000 ft. Net t h r u s t  computed by 
t h e  SNTM and i n - f l i g h t  t h r u s t  program f a l l  w i t h i n  
a band o f  t2.7 percent  throughout  t h e  maneuver. 
The t h r u s t  i nc rease  shown i n  t h i s  f i g u r e  i s  due 
t o  decreasing a l t i t u d e  and i n c r e a s i n g  Mach d u r i n g  
t h e  maneuver. F l i g h t  c o n d i t i o n s  shown i n  t h i s  
f i g u r e  a r e  t a r g e t  cond i t i ons .  F i g u r e  12b a l s o  
shows a comparison o f  t h e  t h r e e  t h r u s t  methods 
s h o r t l y  f o l l o w i n g  an I R P  t a k e o f f .  The n e t  t h r u s t  
values show l i t t l e  change d u r i n g  t h e  maneuver be- 
cause t h e  a i r c r a f t  i s  b o t h  c l i m b i n g  and a c c e l e r a t -  
ing,  causing a c a n c e l l a t i o n  e f f e c t .  
comparisons show t h e  SNTM t y p i c a l l y  f a l l s  between 
t h e  FNAP and F N ~ T  values as shown i n  Fig. 12b. 
These r e s u l t s  g i v e  conf idence t o  t h e  p r e d i c t e d  
accurac ies o f  t h e  SNTM presented i n  t h i s  paper. 
was evaluated by p o s t f l i g h t  methods. Time h i s -  
F igu re  l l c  shows an example o f  a poor  q u a l i t y  
The a b i l i t y  t o  mon i to r  performance data qual -  
method, F N w T . ~ ~  These two methods were a l s o  Cal- 
P o s t f l i g h t  
The dynamic response o f  t h e  SGTM c a l c u l a t i o n  
6 
t o r i e s  o f  measured engine parameters, average 
rake pressures, and computed gross t h r u s t  were 
p l o t t e d  a t  t h e  r a t e  o f  25 samples per  sec f o r  a 
r a p i d  t h r o t t l e  movement. F igure 13 shows t h e  
t y p i c a l l y  dynamic response o f  t h e  SGTM computed 
t h r u s t  t o  changes i n  engine operat ing condi t ions.  
I n  t h i s  example, a t  Mach 0.7 and 23,000 ft, t h e  
power s e t t i n g  was chopped from 130' PLA (maximum 
af te rburn ing)  t o  50' PLA (near f l i g h t  i d l e )  i n  
about 1 sec. Gross t h r u s t  i s  seen t o  f o l l o w  
c l o s e l y  t h e  change i n  engine pressures. 
Concluding Remarks 
The p r a c t i c a l i t y  and advantages o f  a rea l - t ime 
performance ana lys is  technique were demonstrated 
d u r i n g  f l i g h t  t e s t i n g  o f  t h e  X-29A. 
n ique has enhanced t h e  f l i g h t  p r o d u c t i v i t y  and 
e f f i c i e n c y  o f  t h e  f l i g h t  research program. It 
a l s o  helped t o  assess data q u a l i t y ,  instrumen- 
t a t i o n  f u n c t i o n a l i t y ,  and maneuver technique. A 
key element i n  t h e  success o f  t h e  rea l - t ime per- 
formance technique was t h e  development o f  the  
Computing Devices Company's s i m p l i f i e d  net  . t h rus t  
method. This  net  t h r u s t  a lgor i thm a l lows f o r  the  
r a p i d  c a l c u l a t i o n  o f  a i r c r a f t  t h r u s t  and drag and 
enhanced t h e  sa fe ty  o f  f l i g h t  mon i to r ing  o f  t h e  
propu ls ion  system. Because accurate ne t  t h r u s t  
values were ca lcu la ted  by the  SNTM, t h e  uncer ta in-  
t i e s  i n  rea l - t ime Cg r e s u l t s  due t o  t h e  uncer- 
t a i n t y  i n  ne t  t h r u s t  were estimated t o  be about 
23 percent. 
j o r  advancement i n  f l i g h t  t e s t  p r o d u c t i v i t y  and 
e f f i c i e n c y  by inc reas ing  a i r c r a f t  d iagnos t ic  capa- 
b i l i t i e s  r e l a t e d  t o  a i r c r a f t  performance f l i g h t  
t e s t i n g ,  r e s u l t i n g  i n  decreased downtime and post- 
f l i g h t  data requirements. 
agreement w i t h  uncer ta in ty  p r e d i c t i o n s  and com- 
pare favorably  t o  p o s t f l i g h t  techniques. 
This tech- 
Real-time performance ana lys is  provides a ma- 
Results show good 
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TABLE 1. -ESTIMATED IN-FL IGHT UNCERTAINTY OF THE 
ComDev S I M P L I F I E D  GROSS AND NET THRUST METHODS 
U n c e r t a i n t y  
Mach  A l t i t u d e ,  ft PLA, deg SGTM, % SNTM, % 
0.4 10,000 70 2.35 3.61 
87 1.36 2.41 
130. 0.99 2.10 
0.8 10,000 70 2.52 3.61 
87 1.32 2.41 
130 1.06 2.10 
0.9 30,000 70 2.61 4.25 
2 87 1.48 3.15 
130 1.05 2.75 
1.2 30,000 70 1.28 2.69 
87 1.36 2.69 
130 1.04 2.72 
0.8 40,000 70 2.55 3.65 
87 1.82 4.39 
130 1.09 2.86 
1.6 40,000 70 1.36 2.81 
87 1.36 2.81 
130 1.04 2.74 
Vertical height, 14 11 9.5 in. 020 
Pig. 1 X-BgA advanoed teahno1ogH demonetrator. 
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